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Abstract
Polar bears (Ursus maritimus) rely upon Arctic sea ice as a physical habitat. Consequently,
conservation assessments of polar bears identify the ongoing reduction in sea ice to repre-
sent a significant threat to their survival. However, the additional role of sea ice as a poten-
tial, indirect, source of energy to bears has been overlooked. Here we used the highly
branched isoprenoid lipid biomarker-based index (H-Print) approach in combination with
quantitative fatty acid signature analysis to show that sympagic (sea ice-associated), rather
than pelagic, carbon contributions dominated the marine component of polar bear diet
(72–100%; 99% CI, n = 55), irrespective of differences in diet composition. The lowest mean
estimates of sympagic carbon were found in Baffin Bay bears, which were also exposed to
the most rapidly increasing open water season. Therefore, our data illustrate that for future
Arctic ecosystems that are likely to be characterised by reduced sea ice cover, polar bears
will not only be impacted by a change in their physical habitat, but also potentially in the sup-
ply of energy to the ecosystems upon which they depend. This data represents the first
quantifiable baseline that is critical for the assessment of likely ongoing changes in energy
supply to Arctic predators as we move into an increasingly uncertain future for polar
ecosystems.
Introduction
Polar bears (Ursus maritimus) are an ice-obligate species, utilising sea ice for hunting, travel-
ling and mating[1]. Accordingly, the recent decline in Arctic sea ice extent[2] is likely to be a
serious threat to polar bears[3] as recognised by the IUCN[4]. Recent simulations have esti-
mated a 71% probability that the mean global population of polar bears will decrease by> 30%
over the next 3–4 decades if sea ice continues to decline at its current rate[3]. However, such
assessments are based mainly on the value of sea ice as a physical habitat and its influence on,
for example, seasonal sea ice-terrestrial migratory movement [5], hunting and feeding success
[6], habitat availability for denning [7] and cub survival effects [8] and so likely underestimate
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the additional potential value of sea ice as an underlying energy source to the food web upon
which polar bears prey.
Annually, sympagic (sea ice associated) algae are estimated to provide a substantial propor-
tion of marine energy, ranging from 3 to 57% of total Arctic primary production [9, 10] and
can, during spring, represent up to as much as 100% of the algal primary production in surface
waters[11]. The importance of this ice algae to the base of the Arctic ecosystem has been quan-
tified previously using stable carbon and nitrogen isotopes, fatty acids and highly branched
isoprenoid (HBI) lipids to demonstrate that the dietary content of some zooplankton can be as
high as 100% sympagic algae[12–14]. However, the challenges associated with tracing and
quantifying sympagic carbon through higher trophic levels of Arctic food webs, experimen-
tally, is challenging, which likely explains a general paucity of such quantitative sympagic car-
bon data for polar bears in the literature.
Recently, the analysis of certain source-specific diatom lipid biomarkers (HBIs) has begun
to provide quantitative estimates of sympagic carbon in the Arctic. First identified in the
marine diatoms Haslea ostrearia and Rhizosolenia setigera [15], HBIs have subsequently been
reported in a number of other marine diatom genera including Pleurosigma and Berkeleya[16,
17]. Some of these diatom sources represent common components of sympagic algae and pro-
duce one mono-unsaturated HBI that has not been identified in any pelagic species. Thus, the
Arctic sea ice diatoms H. crucigeroides, H. spicula, H. kjellmanii and P. stuxbergii var rhom-
boides biosynthesise a highly source-specific HBI which has become known as the “Ice Proxy
with 25 carbon atoms” or “IP25” (Fig 1[18, 19]). Following the initial detection of IP25 within
Arctic animals[20], direct (albeit qualitative) links were subsequently observed between sym-
pagic algae and Arctic consumers[21]. In an effort to quantify the composition of sympagic
algae carbon consumed, analysis of IP25 in animals were supplemented with further HBIs that
are common within pelagic diatoms (e.g. III; Fig 1). Recently the planktonic species R. setigera,
R. polydactyla f. polydactyla and R. hebetata f. semispina were identified as in-situ sources of III
in polar and sub-polar marine settings[22], with Pleurosigma intermedium also producing III
in culture[23]. In fact, III is the most widely reported HBI in marine sediments worldwide[24],
supporting its common production by certain phytoplanktic marine diatoms. By combining
the relative abundances of HBIs of both sea ice and planktonic algae origin (Eq 1), a unique
HBI-fingerprint, or “H-Print”, was initially proposed as an indicator of the relative composi-
tion of sympagic (H-Print = 0%) and pelagic (H-Print = 100%) algae in a given sample.
H   Print %ð Þ ¼
ðpelagic HBIsÞ
ðsympagic HBIs þ pelagic HBIsÞ
 100 Eq 1
Although other HBIs have been reported in the marine environment[25], it was recently
found that IP25 and II best represented sympagic algae, while III most clearly represented phy-
toplankton[25]. Using these three HBIs, the ability of the H-Print to accurately reflect mixed-
source compositions of algae was determined by calibration, following analysis of known
quantities of sympagic and pelagic algae[25]. From this calibration, a linear model was con-
structed to enable quantitative estimates of the proportion of sea ice vs. phytoplanktic algae
carbon in animals. Subsequent tests demonstrated that the original source H-Print was trans-
ferred into the food web[25]. Accordingly, analysis of the H-Print has the potential to provide
the quantitative data required to assess the proportion of sympagic algae carbon reaching
higher trophic levels[12].
Here we apply the H-Print approach to samples of polar bear liver to obtain quantitative
estimates of the proportions of sympagic and pelagic marine carbon reaching these top preda-
tors. Based on the established reliance of bears on sea ice as a physical platform for hunting[1],
Sea ice derived carbon in polar bear tissue
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we anticipated that the ecosystem upon which the bears were dependent for prey would con-
tain higher proportions of sea ice carbon and that this would be reflected in bears with rela-
tively low H-Prints.
Materials and methods
Sample collection
Polar bear samples were collected by Inuit hunters during annual subsistence hunts and
were harvested adhering to local guidelines, following territorial acts and regulations; sam-
ples were collected under approved Wildlife Research Permits 2012–026, 2013–018, and
2014–006. We analysed freeze-dried liver (HBIs and δ15N) and adipose tissue (fatty acids)
from 55 individual polar bears (Fig 2) between October-May (2012–14) (S1 Table). Liver
was chosen for HBI and δ15N analysis because it is metabolically highly active resulting in
Fig 1. Structures of highly branched isoprenoid lipids. Structures of C25 highly branched isoprenoid lipids measured
in polar bear liver for calculation of quantitative H-Prints.
https://doi.org/10.1371/journal.pone.0191631.g001
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Fig 2. Geographic setting. Map of polar bear subpopulations and locations of harvest (red dots) in Baffin Bay (BB), western Hudson
Bay (WH) and southern Hudson Bay (SH). Coastlines were created using the Global Self-consistent, Hierarchical, High-resolution
Geography database distributed under the GNU Lesser General Public license [28].
https://doi.org/10.1371/journal.pone.0191631.g002
Sea ice derived carbon in polar bear tissue
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turnover times on the order of weeks to 1 month[26]. This was demonstrated previously
where H-Print analysis of >300 ringed seals (Pusa hispida) enabled a seasonal scale assess-
ment of diet in Cumberland Sound[27].
H-Print
Liver tissue (0.4–2.4 g) was saponified (~ 5 mL H2O:MeOH, 1:9; 20% KOH; 60 mins; 70˚C) and
mixed with hexane (3 x 4 mL), then centrifuged (2 min; 2500 revolutions per minute), with hex-
ane then being transferred and dried (N2 stream). Dried lipid extracts were fractionated (5 mL
hexane) using column chromatography (SiO2; 0.5 g). HBIs were analysed by gas chromatogra-
phy–mass spectrometry and quantified by measuring the mass spectral intensities for each HBI
in selective ion monitoring (SIM) mode[29]. The H-Print was calculated using the analytical
intensities of three HBIs (IP25: m/z 350.3, II; m/z 348.3 and III; m/z 346.3), according to Eq 2,
since this combination enabled a linear calibration to be constructed previously[25].
H   Print %ð Þ ¼
ðIIIÞ
ðIP25 þ IIþ IIIÞ
 100 Eq 2
Sympagic carbon estimates
Sympagic carbon, as a proportion of marine-origin carbon within polar bear livers, was esti-
mated using Eq 3 from previous H-Print calibration (R2 = 0.97, P =<0.01, df = 23[25]). Sym-
pagic carbon estimates are expressed here as mean values with the 99% confidence interval of
estimates in parenthesis.
Sympagic carbon % ¼ 101:08   1:02H   Print Eq 3
Quantitative fatty acid signature analysis (QFASA)
Fatty acids were extracted with CHCl3, MeOH and H2O [30] and derivatised to methyl esters
using MeOH and H2SO4[31] and analyzed using gas-liquid chromatography—flame-ioniza-
tion detection[31]. Diet composition of each bear was estimated via quantitative fatty acid sig-
nature analysis, QFASA[32], by modelling fatty acid (FA) profiles or “signatures” of bears as a
linear combination of mean prey signatures. Our prey dataset included 6 prey species available
in all 3 regions. Prey were collected during the annual subsistence harvest in Baffin Bay, west-
ern Hudson Bay, southern Hudson Bay, and adjacent polar bear subpopulations from 2003
to 2012. When available, prey samples from a given polar bear subpopulation were used to
model polar bear diet from that same subpopulation. In cases when prey samples were not
available for a given region, samples were used from adjacent/nearby regions. For Baffin Bay,
prey libraries are detailed in Galicia et al[33] and are comprised of bearded seal (Erignathus
barbatus; Davis Strait, Foxe Basin and Western Hudson Bay), beluga whale (Delphinapterus
leucas; Davis Strait, Lancaster Sound, Northern Beauport Sea, Southern Beaufort Sea, Southern
Hudson Bay and Western Hudson Bay), harbour seal (Phoca vitulina; Western Hudson Bay),
harp seal (Pagophilus groenlandicus; Davis Strait), ringed seal (Lancaster Sound) and walrus
(Odobenus rosmarus; Foxe Basin and Lancaster Sound). Narwhal (Monodon monoceros; Baffin
Bay and Lancaster Sound) was included in the model for Baffin Bay, but was absent from bear
diet composition. For southern Hudson Bay and western Hudson Bay, prey libraries were
combined, comprising bearded seal (Western Hudson Bay), beluga whale (Western Hudson
Bay and Southern Hudson Bay), harbour seal (Western Hudson Bay), harp seal (Davis Strait),
ringed seal (Western Hudson Bay) and walrus (Foxe Basin). Diet simulations conducted in
previous studies[33, 34] indicated that differences in fatty acid composition among these prey
species were greater than spatial differences within prey species, and thus pooling prey samples
Sea ice derived carbon in polar bear tissue
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increases sample size and improved model performance. Polar bear diets were estimated as the
proportional combination of prey that minimized statistical distance between observed and
modelled predator FA signatures, after accounting for patterns of lipid metabolism[32, 35].
Modelling procedures are described elsewhere[34].
Nitrogen stable isotopes
Prior to stable nitrogen isotope (δ15N) analysis on polar bear liver samples, lipids were re-
moved using a 2: 1 CHCl3:MeOH solvent following a modified Bligh and Dyer method[36].
Between 400–600 μg lipid extracted liver tissue was weighed into tin capsules where δ15N val-
ues were measured by a Thermo Finnigan DeltaPlus mass-spectrometer coupled with an ele-
mental analyzer[29]. Analytical precision, (SD of replicate analyses; NIST 1577c, n = 7; NIST
8414, n = 46; tilapia muscle, n = 53), was 0.1‰ Instrumental accuracy (NIST 8573 and 8547,
n = 19) was 0.1‰.
Numerical analysis
Numerical analyses were undertaken in R (version 3.3.2). QFASA diet estimates were done
using the “qfasar” package (version 1.2.0)[37]. Conversion of H-Prints into sympagic carbon
estimates were done using the previously defined regression model; Eq 3[25]. The Kruskal-
Wallis test was used to compare H-Prints, δ15N and QFASA-derived diets between sample var-
iables (population, sex, age and harvest date) since it does not assume data normality and
accepts groups of different sizes (homoscedasticity was confirmed using Bartlett’s test at
P = 0.05). Where significant differences were identified, Nemenyi’s post-hoc test (corrected for
ties) was used to carry out pairwise comparisons to identify significantly different factors. Sta-
tistical tests were considered significant at α = 0.05.
Results
Each of the HBIs were quantifiable within all 55 liver samples, including bears of both sexes
and all ages from each year and population sampled (Fig 3). Low H-Prints (<10%), indica-
tive of mainly sympagic carbon contributions, were recorded for every month, accounting
for 53% of all bears sampled. Only two bears had H-Prints > 50% (December 2012 and Feb-
ruary 2013). None of the tested variables were significant predictors of polar bear H-Prints
including; sample months (H(5) = 9.8, P = 0.08), population (H(2) = 2.4, P = 0.3), bear sex
(H(1) = 0.3, P = 0.8), bear age (H(1) = 1.9, P = 0.2) or estimated prey species (P = >0.4).
Conversion of H-Prints to estimates of sympagic carbon, using Eq 3, indicated that, on aver-
age 86% (72–100; 99% CI) of the marine carbon reaching polar bears was of sympagic origin
(Table 1).
In contrast to H-Prints, mean δ15N values differed regionally (H(2) = 13.5, P = 0.001)
with Baffin Bay bears being generally higher than those from southern (P = <0.001) and
western (P = 0.04) Hudson Bay. Neither bear age (H(1) = 3.5, P = 0.06), or sex (H(1) = 0.07,
P = 0.8) influenced the δ15N of bears for any of the three population in this study. QFASA
indicated highly variable diet compositions between individual bears with significant
regional differences in some prey (Table 2). For example, together, bearded seals and ringed
seals comprised 47%, 70% and 76% of mean bear prey in Baffin Bay, western Hudson Bay
and southern Hudson Bay respectively (Fig 3). In contrast, the average contribution of
beluga whale, as a component of bear diet, was 28%, 1% and 0% from the same three
locations.
Sea ice derived carbon in polar bear tissue
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Discussion
Consistent with previous biomarker studies of marine mammals[29], HBIs were present in all
polar bears analysed here. Thus, H-Print data have now been reported across all trophic levels
of the Arctic food web, from particulate organic matter[11] to primary and secondary consum-
ers[20, 29, 38] and top trophic level predators here, confirming that the H-Print can be applied
throughout the Arctic ecosystem. For polar bears here, this enabled the high contribution of
sympagic carbon to diet to be identified (Table 1), revealing the importance of sympagic car-
bon to the food web, including bears, throughout winter, as hypothesised. Indeed, our data
Table 1. Summary data for polar bears studied.
Population Biometrics Sympagic carbon (%) Sea ice melt onset (days
decade-1; 1979–2014)
[2]
Interval between spring ice melt and
autumn freeze (days decade-1; 1979–
2014)[2]
Age yrs (5
+: 3–4)
Sex
(M:F)
Years sampled
(2012:2013:2014)
Mean Minimum maximum
Baffin Bay 20:13 18:7 7:10:8 82 (68–
96)
47 (33–
61)
100 (85–
114)
-7.3 +12.7
Western
Hudson Bay
20:9 25:4 16:13:0 88 (74–
102)
45 (31–
59)
100 (86–
115)
-5.1 +8.7
Southern
Hudson Bay
21:13 28:6 0:20:14 87 (73–
101)
35 (20–
48)
100 (86–
115)
-3.0 +6.6
all bears 61:35 71:17 23:43:22 86 (72–
100)
- - - -
Calculated using the mean of the three sub-populations
Biometric data with sympagic carbon estimates (%), calculated from H-Prints using Eq 3 (99% CI[25]), of bear diet with regional sea ice metrics.
https://doi.org/10.1371/journal.pone.0191631.t001
Fig 3. Polar bear (Ursus maritimus) data. a) QFASA estimates of marine mammal prey (Bearded seal (Erignathus barbatus), beluga whale (Delphinapterus leucas),
harbour seal (Phoca vitulina), harp seal (Pagophilus groenlandicus), ringed seal (Pusa hispida) and walrus (Odobenus rosmarus)) consumed by individual polar bears
(stacked coloured bars) and overlaid with H-Prints (black circles) of individual bears. Individual polar bears are grouped according to the geographical location of
collection and the corresponding subpopulation designation: Baffin Bay, western Hudson Bay and southern Hudson Bay (see Fig 2). For each subpopulation, mean
QFASA estimates of marine mammal prey and mean (black circles) and median (grey diamonds) H-Prints are summarised in the single plot adjacent to each
subpopulation plot (for H-Print-derived estimates of sympagic carbon, refer to Table 1). b) δ15N of individual bears (grey squares). For each subpopulation, mean δ15N are
summarised in the single plot (box and whiskers) adjacent to each subpopulation plot.
https://doi.org/10.1371/journal.pone.0191631.g003
Sea ice derived carbon in polar bear tissue
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demonstrate that sympagic carbon was underpinning the carbon supply of the majority of
bears during sampling (October to May), with comparable H-Print values for both Baffin Bay
and Hudson Bay bears, despite the significant regional differences in prey composition
(Table 2; Fig 3A).
Diversity of polar bear prey in Baffin Bay and the surrounding regions has been observed
previously[33] and is linked to selective foraging related to variability in bear age and sex, sea
ice dynamics, migratory patterns and regional differences in prey availability[34] and commu-
nity structure lower in the food web[39], all of which probably contribute to the variability
observed in δ15N of bears here (Table 2, Fig 3B). In contrast, neither bear age or sex, nor sam-
pling month or population were significant predictors of polar bear H-Prints here. Further,
the generally high proportion of sympagic carbon underpinning polar bear diets during winter
did not appear to be prey-dependant. While a larger-scale study of polar bear H-Prints might
provide further insight into the reason for the variability in H-Prints observed, we note that
estimates of mean sympagic carbon composition were high across the populations studied.
Such high sympagic carbon composition is consistent with the high incorporation of sympagic
carbon in lower trophic levels, including amphipods[12, 14, 40, 41] and fish[42, 43], which
facilitate the transfer of sympagic carbon to higher trophic levels. Our data extend the knowl-
edge of the extent of this transfer by providing numerical estimates of sympagic carbon within
polar bears during winter. Indeed, 89% of bears here were sampled over winter (October–
March) and all contained IP25. Since sympagic carbon (including IP25) is only produced within
sea ice during the spring sea ice algae bloom (March–June[44, 45]), it is possible that the IP25
and related HBIs detected in polar bear livers during winter had bioaccumulated, similar to
contaminants such as mercury[46] or organochlorine compounds[47]. If so, H-Print data
would be expected to provide an indication of diet averaged over a longer period of feeding
(e.g. months to years). However, since turnover times in liver tissue is more rapid than for
muscle or adipose[26], for example, we believe H-Print data represent much more recent feed-
ing habits, as demonstrated previously by monthly resolved changes in H-Prints of ringed
seals[27]. On this basis we reason that, while the sympagic carbon present in the ecosystem
during October to March likely originated from the previous spring bloom (IP25 is produced
within sea ice during the spring bloom[44]), it only recently became incorporated into the eco-
system. Certainly, following the spring bloom, ice algal cells are exported to the benthos in the
Arctic[48–54] resulting in marine sediments containing an important supply of carbon to
both pelagic [55, 56] and benthic consumers [57–59] year round. This pathway of sympagic
carbon supply to the coastal shelf ecosystem, long after the spring ice algae bloom, has also
been observed using HBIs where high abundances of IP25 in sediments and benthic consum-
ers, was coupled with an absence of IP25 from the overlying waters and sea ice in Rjipfjorden,
Svalbard in January 2012[60]. Combined, these observations led to the proposition that sym-
pagic carbon stored in sediments was providing energy to consumers during winter,
Table 2. Regional differences in polar bear prey.
Bearded seal Harbour seal Harp seal Ringed seal Beluga whale Walrus δ15N H-Print
Baffin Bay A A A A A A A A
Western Hudson Bay B B AB A B A B A
Southern Hudson Bay AB B B A B A B A
Pairwise multiple comparisons (Nemenyi’s post-hoc test) to identify where significant between-population differences occur in QFASA estimates of polar bear prey and
δ15N and H-Print of polar bears. Different letters indicate significant (α = 0.05) differences.
https://doi.org/10.1371/journal.pone.0191631.t002
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underpinning the idea that sympagic carbon remains important for the ecosystem, including
polar bears, year-round and should, therefore, be considered in conservation assessments.
Assessments of polar bear conservation status are, at present, linked to the impact of sea ice
decline as a physical habitat[3], specifically in relation to forcing changes in seasonal sea ice-
terrestrial migratory habits [5], hunting and feeding success [6], availability of suitable habitat
for denning [7] and the associated effect on the survival of cubs [8]. With each of the regions
studied here experiencing recent reductions in sea ice extent and thickness[2, 3], it is antici-
pated that sympagic carbon availability will also decrease, leading to a likely replacement by
pelagic-based systems[61]. Indeed, such change is already becoming evident in Cumberland
Sound (south east Baffin Island) where decreasing sea ice extent, coupled with an increased
presence of pelagic fish[62], has been proposed as the cause of changing trends in isotope sig-
natures and H-Prints within beluga whale over the last 30 years[29, 63]. However, in contrast
to the beluga whale, polar bears are more sensitive to changes in trophic structure and dietary
diversity[64] that are likely to result from ongoing decline in sea ice cover[61, 65]. This higher
sensitivity to change is supported in the communities studied here where bears are showing
reduced body condition that is attributed to sea ice decline in Baffin Bay[66], western Hudson
Bay[67], and southern Hudson Bay[68]. As sea ice shows continued decline[69], this may
become more pronounced. Indeed, here we observed that bears with the lowest mean sympa-
gic carbon (Baffin Bay), although not statistically significant at present, coincided with the
most rapidly increasing summer open water period (Table 1). With a trend of continued sea
ice decline[69], it is anticipated that a longer-term H-Print analysis of Baffin Bay polar bears
might identify whether this link is significantly related to increasing open water or other fac-
tors, such as the presence of the North Water (NOW) polynya in northern Baffin Bay[70]. At
present, at least, the high contributions of sympagic carbon observed in polar bears here sug-
gest that future conservation assessments should include estimates of the sympagic/pelagic car-
bon component of polar bear diet, and this could be especially valuable if applied to long-term
monitoring programmes.
Supporting information
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(XLSX)
Acknowledgments
We are most grateful to M. Harte, the Conservation Officers, and the Hunters and Trappers
Associations and Organizations of Nunavut for collecting and organizing samples. We thank
the Chemical Tracers Lab, University of Windsor–GLIER for stable isotope analysis, and the
Canadian Institute of Fisheries Technology at Dalhousie University for fatty acid analysis. We
are also very grateful to the Editor and two anonymous reviewers for providing helpful com-
ments that greatly improved our manuscript.
Author Contributions
Conceptualization: Thomas A. Brown, Markus G. Dyck.
Data curation: Thomas A. Brown, Melissa P. Galicia, Markus G. Dyck.
Formal analysis: Thomas A. Brown, Melissa P. Galicia, David J. Yurkowski.
Funding acquisition: Gregory W. Thiemann, Simon T. Belt, Markus G. Dyck.
Sea ice derived carbon in polar bear tissue
PLOS ONE | https://doi.org/10.1371/journal.pone.0191631 January 23, 2018 9 / 13
Investigation: Thomas A. Brown, Melissa P. Galicia, Gregory W. Thiemann, David J.
Yurkowski.
Methodology: Thomas A. Brown, Gregory W. Thiemann, David J. Yurkowski.
Project administration: Thomas A. Brown.
Resources: Thomas A. Brown, Markus G. Dyck.
Software: Thomas A. Brown.
Supervision: Gregory W. Thiemann, Simon T. Belt.
Validation: Thomas A. Brown.
Visualization: Thomas A. Brown.
Writing – original draft: Thomas A. Brown, Melissa P. Galicia, Gregory W. Thiemann,
Simon T. Belt, David J. Yurkowski, Markus G. Dyck.
Writing – review & editing: Thomas A. Brown, Simon T. Belt, David J. Yurkowski.
References
1. Stirling I, Derocher AE. Possible Impacts of Climatic Warming on Polar Bears. Arctic. 1993; 46
(3):240–5.
2. Stern HL, Laidre KL. Sea-ice indicators of polar bear habitat. The Cryosphere. 2016; 10(5):2027–41.
https://doi.org/10.5194/tc-10-2027-2016
3. Regehr EV, Laidre KL, Akc¸akaya HR, Amstrup SC, Atwood TC, Lunn NJ, et al. Conservation status of
polar bears (Ursus maritimus) in relation to projected sea-ice declines. Biology Letters. 2016; 12(12).
https://doi.org/10.1098/rsbl.2016.0556 PMID: 27928000
4. WiigØ, Amstrup S, Atwood T, Laidre K, Lunn N, Obbard M, et al. Ursus maritimus. The IUCN Red List
of Threatened Species 2015: e.T22823A14871490. http://dx.doi.org/10.2305/IUCN.UK.2015-4.RLTS.
T22823A14871490.en. Downloaded on 15 February 2017. 2015.
5. Cherry SG, Derocher AE, Lunn NJ. Habitat-mediated timing of migration in polar bears: an individual
perspective. Ecology and Evolution. 2016; 6(14):5032–42. https://doi.org/10.1002/ece3.2233 PubMed
PMID: PMC4979725. PMID: 27547331
6. Rode KD, Amstrup SC, Regehr EV. Reduced body size and cub recruitment in polar bears associated
with sea ice decline. Ecological Applications. 2010; 20(3):768–82. https://doi.org/10.1890/08-1036.1
PMID: 20437962
7. Fischbach AS, Amstrup SC, Douglas DC. Landward and eastward shift of Alaskan polar bear denning
associated with recent sea ice changes. Polar Biol. 2007; 30(11):1395–405. https://doi.org/10.1007/
s00300-007-0300-4
8. Regehr EV, Lunn NJ, Amstrup SC, Stirling IAN. Effects of Earlier Sea Ice Breakup on Survival and Pop-
ulation Size of Polar Bears in Western Hudson Bay. Journal of Wildlife Management. 2007; 71
(8):2673–83. https://doi.org/10.2193/2006-180
9. Legendre L, Ackley S, Diekmann G, Gulliksen B, Horner R, Hoshiai T, et al. Ecology of sea ice biota 2.
Global significance. Polar Biol. 1992; 12(3–4):429–44.
10. Gosselin M, Levasseur M, Wheeler PA, Horner RA, Booth BC. New measurements of phytoplankton
and ice algal production in the Arctic Ocean. Deep-Sea Res Pt II. 1997; 44(8):1623–44.
11. Brown TA, Belt ST, Gosselin M, Levasseur M, Poulin M, Mundy CJ. Quantitative estimates of sinking
sea ice particulate organic carbon based on the biomarker IP25. Mar Ecol-Prog Ser. 2016; 546:17–29.
12. Brown T, Assmy P, Hop H, Wold A, Belt S. Transfer of ice algae carbon to ice-associated amphipods in
the high-Arctic pack ice environment. J Plankton Res. 2017; 39(4):664–74. https://doi.org/10.1093/
plankt/fbx030
13. Forest A, Galindo V, Darnis G, Pineault S, Lalande C, Tremblay J-E, et al. Carbon biomass, elemental
ratios (C:N) and stable isotopic composition (δ13C, δ15N) of dominant calanoid copepods during the win-
ter-to-summer transition in the Amundsen Gulf (Arctic Ocean). J Plankton Res. 2011; 33(1):161–78.
https://doi.org/10.1093/plankt/fbq103
14. Kohlbach D, Graeve M, Lange B, David C, Peeken I, Flores H. The importance of ice algae-produced
carbon in the central Arctic Ocean ecosystem: Food web relationships revealed by lipid and stable iso-
tope analyses. Limnol Oceanogr. 2016; 61(6):2027–44. https://doi.org/10.1002/lno.10351
Sea ice derived carbon in polar bear tissue
PLOS ONE | https://doi.org/10.1371/journal.pone.0191631 January 23, 2018 10 / 13
15. Volkman JK, Barrett SM, Dunstan GA. C25 and C30 highly branched isoprenoid alkenes in laboratory
cultures of two marine diatoms. Org Geochem. 1994; 21:407–14.
16. Grossi V, Beker B, Geenevasen JAJ, Schouten S, Raphel D, Fontaine M-F, et al. C25 highly branched
isoprenoid alkene from the marine benthic diatom Pleurosigma strigosum. Phytochemistry. 2004;
65:3049–55. https://doi.org/10.1016/j.phytochem.2004.09.002 PMID: 15504440
17. Brown TA, Belt ST, Cabedo-Sanz P. Identification of a novel di-unsaturated C25 highly branched iso-
prenoid in the marine tube-dwelling diatom Berkeleya rutilans. Environ Chem Lett. 2014; 12(3):455–60.
https://doi.org/10.1007/s10311-014-0472-4
18. Brown TA, Belt ST, Tatarek A, Mundy CJ. Source identification of the Arctic sea ice proxy IP25. Nature
Communications. 2014; 5(4197). https://doi.org/10.1038/ncomms5197 PMID: 24939562
19. Belt ST, Masse´ G, Rowland SJ, Poulin M, Michel C, LeBlanc B. A novel chemical fossil of palaeo sea
ice: IP25. Org Geochem. 2007; 38:16–27. https://doi.org/10.1016/j.orggeochem.2006.09.013
20. Brown TA, Belt ST. Identification of the sea ice diatom biomarker IP25 in Arctic benthic macrofauna:
Direct evidence for a sea ice diatom diet in Arctic heterotrophs. Polar Biol. 2012; 35(1):131–7. https://
doi.org/10.1007/s00300-011-1045-7
21. Brown TA, Belt ST. Closely linked sea ice–pelagic coupling in the Amundsen Gulf revealed by the sea
ice diatom biomarker IP25. J Plankton Res. 2012; 34:647–54. https://doi.org/10.1093/plankt/fbs045
22. Belt S.T., Brown T.A., Smik L, Tatarek A, Wiktor J, Stowasser G, et al. Identification of C25 highly
branched isoprenoid (HBI) alkenes in diatoms of the genus Rhizosolenia in polar and sub-polar
marine phytoplankton. Org Geochem. 2017; 110:65–72. https://doi.org/10.1016/j.orggeochem.
2017.05.007
23. Belt ST, Allard WG, Masse´ G, Robert JM, Rowland SJ. Important sedimentary sesterterpenoids from
the diatom Pleurosigma intermedium. Chem Commun. 2000;(6):501–2. https://doi.org/10.1039/
a909670a
24. Belt ST, Allard WG, Masse´ G, Robert JM, Rowland SJ. Highly branched isoprenoids (HBIs): Identifica-
tion of the most common and abundant sedimentary isomers. Geochim Cosmochim Ac. 2000; 64
(22):3839–51. https://doi.org/10.1016/S0016-7037(00)00464-6
25. Brown TA, Belt ST. Biomarker-based H-Print quantifies the composition of mixed sympagic and pelagic
algae consumed by Artemia sp. J Exp Mar Biol Ecol. 2017; 488:32–7. http://dx.doi.org/10.1016/j.jembe.
2016.12.007.
26. Vander Zanden MJ, Clayton MK, Moody EK, Solomon CT, Weidel BC. Stable Isotope Turnover and
Half-Life in Animal Tissues: A Literature Synthesis. PLoS ONE. 2015; 10(1):e0116182. https://doi.org/
10.1371/journal.pone.0116182 PMID: 25635686
27. Brown TA, Alexander C, Yurkowski DJ, Ferguson S, Belt ST. Identifying variable sea ice carbon contri-
butions to the Arctic ecosystem: A case study using highly branched isoprenoid lipid biomarkers in Cum-
berland Sound ringed seals. Limnol Oceanogr. 2014; 59(5):1581–9. https://doi.org/10.4319/lo.2014.59.
5.1581
28. Wessel P, Smith WHF. A global, self-consistent, hierarchical, high-resolution shoreline database. Jour-
nal of Geophysical Research: Solid Earth. 1996; 101(B4):8741–3. https://doi.org/10.1029/96JB00104
29. Brown TA, Chrystal E, Ferguson SH, Yurkowski DJ, Watt C, Hussey NE, et al. Coupled changes
between the H-Print biomarker and δ15N indicates a variable sea ice carbon contribution to the diet of
Cumberland Sound beluga whales. Limnol Oceanogr. 2017; 62(4):1606–19. https://doi.org/10.1002/
lno.10520
30. Iverson SJ, Lang SLC, Cooper MH. Comparison of the bligh and dyer and folch methods for total lipid
determination in a broad range of marine tissue. Lipids. 2001; 36(11):1283–7. https://doi.org/10.1007/
s11745-001-0843-0 PMID: 11795862
31. Budge SM, Iverson SJ, Koopman HN. Studying trophic ecology in marine ecosystems using fatty acids:
a primeron analysis and interpretation. Marine Mammal Science. 2006; 22(4):759–801. https://doi.org/
10.1111/j.1748-7692.2006.00079.x
32. Iverson SJ, Field C, Bowen WD, Blanchard W. Quantitative fatty acid signature analysis: a new method
of estimating predator diets. Ecological Monographs. 2004; 74:211–35.
33. Galicia MP, Thiemann GW, Dyck MG, Ferguson SH. Characterization of polar bear (Ursus maritimus)
diets in the Canadian High Arctic. Polar Biol. 2015; 38(12):1983–92. https://doi.org/10.1007/s00300-
015-1757-1
34. Galicia MP, Thiemann GW, Dyck MG, Ferguson SH, Higdon JW. Dietary habits of polar bears in Foxe
Basin, Canada: possible evidence of a trophic regime shift mediated by a new top predator. Ecology
and Evolution. 2016; 6(16):6005–18. https://doi.org/10.1002/ece3.2173 PMID: 27547372
Sea ice derived carbon in polar bear tissue
PLOS ONE | https://doi.org/10.1371/journal.pone.0191631 January 23, 2018 11 / 13
35. Bromaghin JF, Rode KD, Budge SM, Thiemann GW. Distance measures and optimization spaces in
quantitative fatty acid signature analysis. Ecology and Evolution. 2015; 5(6):1249–62. https://doi.org/
10.1002/ece3.1429 PMID: 25859330
36. Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification. Canadian Journal of Bio-
chemistry and Physiology 1959; 37:911–7. https://doi.org/10.1139/o59-099 PMID: 13671378
37. R-Core-Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria2016. p. URL http://www.R-project.org/.
38. Brown TA, Yurkowski DJ, Ferguson SH, Alexander C, Belt ST. H-Print: a new chemical fingerprinting
approach for distinguishing primary production sources in Arctic ecosystems. Environ Chem Lett. 2014;
12(3):387–92. https://doi.org/10.1007/s10311-014-0459-1
39. Yurkowski DJ, Ferguson SH, Semeniuk CAD, Brown TM, Muir DCG, Fisk AT. Spatial and temporal vari-
ation of an ice-adapted predator’s feeding ecology in a changing Arctic marine ecosystem. Oecologia.
2016; 180(3):631–44. https://doi.org/10.1007/s00442-015-3384-5 PMID: 26210748
40. Werner I. Grazing of Arctic under-ice amphipods on sea-ice algae. Mar Ecol-Prog Ser. 1997; 160:93–9.
https://doi.org/10.3354/meps160093
41. Søreide JE, Hop H, Carroll ML, Falk-Petersen S, Hegseth EN. Seasonal food web structures and sym-
pagic–pelagic coupling in the European Arctic revealed by stable isotopes and a two-source food web
model. Prog Oceanogr. 2006; 71(1):59–87. https://doi.org/10.1016/j.pocean.2006.06.001
42. Kohlbach D, Schaafsma FL, Graeve M, Lebreton B, Lange BA, David C, et al. Strong linkage of polar
cod (Boreogadus saida) to sea ice algae-produced carbon: Evidence from stomach content, fatty acid
and stable isotope analyses. Prog Oceanogr. 2017; 152:62–74. https://doi.org/https://doi.org/10.1016/j.
pocean.2017.02.003
43. Matley J, Fisk A, Dick T. The foraging ecology of Arctic cod (Boreogadus saida) during open water
(July–August) in Allen Bay, Arctic Canada. Mar Biol. 2013; 160(11):2993–3004. https://doi.org/10.1007/
s00227-013-2289-2
44. Brown TA, Belt ST, Philippe B, Mundy CJ, Masse´ G, Poulin M, et al. Temporal and vertical variations of
lipid biomarkers during a bottom ice diatom bloom in the Canadian Beaufort Sea: Further evidence for
the use of the IP25 biomarker as a proxy for spring Arctic sea ice. Polar Biol. 2011; 34(12):1857–68.
https://doi.org/10.1007/s00300-010-0942-5
45. Belt ST, Brown TA, Ringrose AE, Cabedo-Sanz P, Mundy CJ, Gosselin M, et al. Quantitative measure-
ment of the sea ice diatom biomarker IP25 and sterols in Arctic sea ice and underlying sediments: further
considerations for palaeo sea ice reconstruction. Org Geochem. 2013; 62:33–45. http://dx.doi.org/10.
1016/j.orggeochem.2013.07.002.
46. Campbell LM, Norstrom RJ, Hobson KA, Muir DCG, Backus S, Fisk AT. Mercury and other trace ele-
ments in a pelagic Arctic marine food web (Northwater Polynya, Baffin Bay). Sci Total Environ. 2005;
351:247–63. http://dx.doi.org/10.1016/j.scitotenv.2005.02.043. PMID: 16061271
47. Muir DCG, Norstrom RJ, Simon M. Organochlorine contaminants in arctic marine food chains: accumu-
lation of specific polychlorinated biphenyls and chlordane-related compounds. Environmental Science
& Technology. 1988; 22(9):1071–9. https://doi.org/10.1021/es00174a012 PMID: 22148662
48. Morata N, Renaud PE. Sedimentary pigments in the western Barents Sea: A reflection of pelagic-ben-
thic coupling? Deep-Sea Res Pt II. 2008; 55(20–21):2381–9. https://doi.org/10.1016/j.dsr2.2008.05.
004
49. Renaud PE, Morata N, Carroll ML, Denisenko SG, Reigstad M. Pelagic-benthic coupling in the western
Barents Sea: Processes and time scales. Deep-Sea Res Pt II. 2008; 55(20–21):2372–80. https://doi.
org/10.1016/j.dsr2.2008.05.017
50. Ferna´ndez-Me´ndez M, Wenzho¨fer F, Peeken I, Sørensen HL, Glud RN, Boetius A. Composition, Buoy-
ancy Regulation and Fate of Ice Algal Aggregates in the Central Arctic Ocean. PLoS ONE. 2014; 9(9):
e107452. https://doi.org/10.1371/journal.pone.0107452 PMID: 25208058
51. Tamelander T, Reigstad M, Hop H, Ratkova T. Ice algal assemblages and vertical export of organic
matter from sea ice in the Barents Sea and Nansen Basin (Arctic Ocean). Polar Biol. 2009; 32(9):1261–
73. https://doi.org/10.1007/s00300-009-0622-5
52. Tremblay J-E´ , Hattori H, Michel C, Ringuette M, Mei Z-P, Lovejoy C, et al. Trophic structure and path-
ways of biogenic carbon flow in the eastern North Water Polynya. Prog Oceanogr. 2006; 71(2–4):402–
25. http://dx.doi.org/10.1016/j.pocean.2006.10.006.
53. Juul-Pedersen T, Michel C, Gosselin M, Seuthe L. Seasonal changes in the sinking export of particulate
material under first-year sea ice on the Mackenzie Shelf (western Canadian Arctic). Mar Ecol-Prog Ser.
2008; 353:13–25. https://doi.org/10.3354/meps07165
Sea ice derived carbon in polar bear tissue
PLOS ONE | https://doi.org/10.1371/journal.pone.0191631 January 23, 2018 12 / 13
54. Boetius A, Albrecht S, Bakker K, Bienhold C, Felden J, Ferna´ndez-Me´ndez M, et al. Export of Algal Bio-
mass from the Melting Arctic Sea Ice. Science. 2013; 339(6126):1430–2. https://doi.org/10.1126/
science.1231346 PMID: 23413190
55. Sargent JR, Falk-Petersen S. Ecological investigation on the zooplankton community of Balsfjorden,
Northern Norway: Lipids and fatty acids in Thysanoessa inermis (Krøyer), Thysanoessa raschii (M.
Sars) and Meganytiphanes norvegica (M.Sars) during mid-winter. Mar Biol. 1981; 62:131–7.
56. Stewart DB, Mochnacz NJ, Reist JD, Carmichael TJ, Sawatzky CD. Fish diets and food webs in the
Northwest Territories: Arctic grayling (Thymallus arcticus). Can Manuscr Rep Fish Aquat Sci 2007;
2796: vi + 21 p.
57. McMahon KW, Ambrose WG Jr, Johnson BJ, Yi Sun M, Lopez GR, Clough LM, et al. Benthic commu-
nity response to ice algae and phytoplankton in Ny Ålesund, Svalbard. Mar Ecol-Prog Ser. 2006; 310:1–
14. https://doi.org/10.3354/meps310001
58. Sun M-Y, Carroll ML, Ambrose WG, Clough LM, Zou L, Lopez GR. Rapid consumption of phytoplankton
and ice algae by Arctic soft-sediment benthic communities: Evidence using natural and 13C-labeled
food materials. J Mar Res. 2007; 65:561–88. https://doi.org/10.1357/002224007782689094
59. Carroll M, Ambrose W. Benthic infaunal community variability on the northern Svalbard shelf. Polar Biol.
2012; 35(8):1259–72. https://doi.org/10.1007/s00300-012-1171-x
60. Brown TA, Hegseth EN, Belt ST. A biomarker-based investigation of the mid-winter ecosystem in Rijpf-
jorden, Svalbard. Polar Biol. 2015; 38(1):37–50. https://doi.org/10.1007/s00300-013-1352-2
61. Grebmeier JM, Overland JE, Moore SE, Farley EV, Carmack EC, Cooper LW, et al. A Major Ecosystem
Shift in the Northern Bering Sea. Science. 2006; 311(5766):1461–4. https://doi.org/10.1126/science.
1121365 PMID: 16527980
62. McKinney MA, McMeans BC, Tomy GT, Rosenberg B, Ferguson SH, Morris A, et al. Trophic Transfer
of Contaminants in a Changing Arctic Marine Food Web: Cumberland Sound, Nunavut, Canada. Envi-
ronmental Science & Technology. 2012; 46(18):9914–22. https://doi.org/10.1021/es302761p PMID:
22957980
63. Marcoux M, McMeans B, Fisk A, Ferguson S. Composition and temporal variation in the diet of beluga
whales, derived from stable isotopes. Mar Ecol-Prog Ser. 2012; 471:283–91. https://doi.org/10.3354/
meps10029
64. Laidre KL, Stirling I, Lowry LF, WiigØ, Heide-Jørgensen MP, Ferguson SH. Quantifying the sensitivity
of arctic marine mammals to climate-induced habitat change. Ecological Applications. 2008; 18(sp2):
S97–S125. https://doi.org/10.1890/06-0546.1
65. Kortsch S, Primicerio R, Beuchel F, Renaud PE, Rodrigues J, Lønne OJ, et al. Climate-driven regime
shifts in Arctic marine benthos. Proceedings of the National Academy of Sciences. 2012; 109
(35):14052–7. https://doi.org/10.1073/pnas.1207509109 PMID: 22891319
66. SWG [Scientific Working Group to the Canada-Greenland Joint Commission on Polar Bear]. 2016:Re-
Assessment of the Baffin Bay and Kane Basin Polar Bear Subpopulations: Final Report to the Canada-
Greenland Joint Commission on Polar Bear. 31 July 2016: x + 636 pp.
67. Sciullo L, Thiemann GW, Lunn NJ. Comparative assessment of metrics for monitoring the body condi-
tion of polar bears in western Hudson Bay. Journal of Zoology. 2016; 300(1):45–58. https://doi.org/10.
1111/jzo.12354
68. Obbard ME, Cattet MRL, Howe EJ, Middel KR, Newton EJ, Kolenosky GB, et al. Trends in body condi-
tion in polar bears (Ursus maritimus) from the Southern Hudson Bay subpopulation in relation to
changes in sea ice. Arctic Science. 2016; 2(1):15–32. https://doi.org/10.1139/as-2015-0027
69. Meier WN. Losing Arctic sea ice: observations of the recent decline and the long-term context. In:
Thomas D, editor. Sea ice ( Third edition): Wiley; 2017. p. 664.
70. Hannah CG, Dupont F, Dunphy M. Polynyas and tidal currents in the Canadian Arctic Archipelago. Arc-
tic. 2009; 62(1):83–95.
Sea ice derived carbon in polar bear tissue
PLOS ONE | https://doi.org/10.1371/journal.pone.0191631 January 23, 2018 13 / 13
